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Abstract The Greenland Ice Sheet has been, and will continue, losing mass at an accelerating rate.
The inﬂuence of this anomalous meltwater discharge on the regional and large-scale ocean could be
considerable but remains poorly understood. This uncertainty is in part a consequence of challenges in
observing water mass transformation and meltwater spreading in coastal Greenland. Here we use tracer
observations that enable unprecedented quantiﬁcation of the export, mixing, and vertical distribution of
meltwaters leaving one of Greenland’s major glacial fjords. We ﬁnd that the primarily subsurface meltwater
input results in the upwelling of the deep fjord waters and an export of a meltwater/deepwater mixture
that is 30 times larger than the initial meltwater release. Using these tracer data, the vertical structure of
Greenland’s summer meltwater export is deﬁned for the ﬁrst time showing that half the meltwater export
occurs below 65 m.
Plain Language Summary The Greenland Ice Sheet has been melting at an accelerating pace.
As it melts, more and more freshwater drains into the Northern North Atlantic. This may have signiﬁcant
impacts on ocean circulation. In order to start to understand these impacts, we need better observations of
the spreading of ice sheet meltwater around coastal Greenland. In this work we use noble gases as a natural
“dye” that traces out the pathways of ice melt in coastal waters. These “dyes” give us a powerful tool to
measure the size and location of ice melt export. This paper quantiﬁes the ﬂux of two types of meltwater
in a major East Greenland fjord and shows that the meltwater is highly diluted by mixing with warm, salty
waters from the deepest part of the fjord. Showing which ocean waters dilute the glacial melt is one step
toward better representing these processes in numerical models.
1. Introduction
The subpolar North Atlantic forms a critical link in the climate system where wintertime deep convection
indirectly connects the upper and lower branches of the Atlantic Meridional Overturning Circulation (Lozier,
2012). This convective link is sensitive to surface stratiﬁcation and thus to variability in freshwater sources
(Lazier, 1980; Manabe, 1995). Greenland, which sits adjacent to the convective areas of the subpolar gyre, not
only is an increasing source of freshwater (Bamber et al., 2012; Fettweis et al., 2012; Shepherd et al., 2012)
but also steers the export of a large volume of freshwater and sea ice from the Arctic via boundary currents
that circulate around the island (Sutherland et al., 2009). Thus, processes inﬂuencing freshwater transport and
transformation along the coast of Greenland may impact climate through interactions with subpolar gyre
convection and theAtlanticMeridional OverturningCirculation. However, observations of themagnitude and
structure of meltwater spreading around coastal Greenland are extremely limited. Here we use novel tracer
methods to characterize glacier-driven water mass transformation and make robust estimates of meltwater
export in a major Greenland fjord.
Meltwater from Greenland enters the ocean at marine-terminating glaciers and rivers sourced from
land-terminating glaciers (Chu, 2014). Recent Greenland mass loss is nearly equally partitioned between
increased ice discharge and enhanced surface melt (van den Broeke et al., 2009), and roughly three quar-
ters of the total mass loss is routed throughmarine-terminating glaciers—making them an important source
of the anomalous freshwater ﬂux into the ocean. Marine-terminating glaciers produce submarine meltwater
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Figure 1. August 2015 survey and meltwater content in Sermilik Fjord. Landsat image of Sermilik with bathymetry
(blue) and 2015 station locations (circles). Colored circles mark stations where noble gas samples were taken. Color
corresponds to the vertically integrated total meltwater content (subglacial discharge + submarine meltwater) reported
as a thickness in meters. Black lines indicate the sections shown in Figures 2 and 3.
grounding line; Straneo & Cenedese, 2015). In addition, icebergs calved from glaciers can lose much of
their mass from ocean-driven melting in the vicinity of glacier termini (Enderlin et al., 2016)—contributing
substantially to the total meltwater export from the fjord (Moon et al., 2018).
A key feature of marine-terminating glaciers is that in contrast to land-terminating glaciers, meltwaters are
injected not at the surface but distributed throughout depth in stratiﬁed fjord waters. This subsurface buoy-
ancy input generates convective turbulent plumes at the ice-ocean interface (Carroll et al., 2015; Straneo &
Cenedese, 2015). Entrainment and mixing in the plumes transforms the initial freshwater ﬂux from the ice
sheet into a much larger volume ﬂux of “glacially modiﬁed water”—the mixture of glacial freshwater and
entrainedoceanwaterwhoseproperties ultimately inﬂuence the coastal and regional ocean. Inorder to assess
the impact of increased Greenland melt on the ocean, it is critical to understand and properly represent the
transformation processes that create glacially modiﬁed water.
The mixing and entrainment that create glacially modiﬁed waters occur in thin boundary layers at the
ice/ocean interface and, thus far, have been prohibitively diﬃcult to observe directly (Jackson et al., 2017;
Mankoﬀ et al., 2016). Yet improved understanding of their net eﬀect can be gained from observations of
the resulting distribution, export, and dilution of submarine meltwater and subglacial discharge away from
the boundary. Standard hydrographic measurements of temperature and salinity alone, however, are insuﬃ-
cient to quantify submarinemeltwater and subglacial discharge distributions (Beaird et al., 2015). In contrast,
dissolved noble gas observations provide additional constraints that enable robust estimates of the con-
centration of subglacial discharge and submarine meltwater (Hohmann et al., 2002; Loose & Jenkins, 2014;
Schlosser, 1986). In conjunctionwith velocity, these canbeused to infer the spreadingandexport of subglacial
discharge, submarine meltwater, and glacially modiﬁed water in general. These tracer observations provide
a powerful way to make comprehensive observations of meltwater export, and overcome the deﬁciencies
associated with previous methods that rely on poorly constrained heat and salt budgets and/or water mass
analysis. We report results from Sermilik Fjord (Figure 1), at the marine terminus of Helheim Glacier.
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Helheim is one of Greenland’s largest outlet glaciers and has, alongwith four other large glaciers, contributed
over 50% of the ice sheet discharge anomaly since 2000 (Enderlin et al., 2014). The total ice discharge into
Sermilik Fjord is estimated to be 1,100m3 s−1 (Mernild et al., 2010), and the peak summer subglacial discharge
estimated from a regional climate model (Moon et al., 2018; Noël et al., 2016) is 1,800 m3 s−1, and an ocean
heat and salt budget (Jackson & Straneo, 2016) gives a late-summer average of 1,200 m3 s−1. The fjord is long
(90 km), narrow (5–10 km), anddeep (530–800m)withno shallow sill. Sermilik opensonto the shelfwhere the
EastGreenlandCoastal Current ﬂows south carrying freshwater fromtheArctic (Hardenet al., 2014; Sutherland
& Pickart, 2008). In nonsummer months, the fjord circulation is dominated by external forcing (Jackson et al.,
2014), but in the summer a glacial buoyancy-forced estuarine circulation develops (Jackson & Straneo, 2016).
2. Meltwater Distribution in Sermilik Fjord
Glacial meltwater is injected into stratiﬁed waters composed of three ambient oceanic water types (Straneo
et al., 2012; Sutherland & Straneo, 2012): deepwarm/salty Atlantic Water underneath a cold/fresh Polar Water
layer, capped by a thin near-surface seasonal thermocline of warm/fresh SurfaceWater. AtlanticWater ﬁlls the
deep fjord, and previous studies have assumed Polar Water dominates the upper layer (Straneo et al., 2010,
2011; Sutherland & Straneo, 2012), though the results we present here demonstrate that in summer, this is
not the case.
Hydrography and dissolved noble gas concentrations were collected throughout the fjord and adjacent shelf
in 2015 (Figures 1 and 2). Inert noble gases are eﬀective tracers of ocean-glacier interaction because of their
range of solubilities, varying solubility temperature-dependance, and the presence of trapped air in glacial
ice (Loose & Jenkins, 2014). Light noble gases (helium and neon) are particularly strong tracers of subma-
rine meltwater because relative to the equilibrated ocean, they are present in very large quantities in glacial
ice—pure glacial meltwater has 1,400% of the helium and 940% of the neon of background ocean waters
(Schlosser, 1986). Indeed, helium (and neon, Figure S3 in the supporting information) is highly supersaturated
in the fjord relative to the shelf (Figure 2), demonstrating the large submarine meltwater content of the fjord
waters. This submarine meltwater can originate at the glacier terminus or along the submerged surface of
icebergs—the two are indistinguishable by our method.
The noble gases in combination with temperature and salinity can be used in a linear mixing model with
deﬁned end-members (Optimum Multiparameter Analysis; Tomczak & Large, 1989) to quantify the distribu-
tions of submarine meltwater, subglacial discharge, and entrained oceanic water masses (see supporting
information and Loose& Jenkins, 2014; Beaird et al., 2015, 2017). Because the number of constraints (tempera-
ture, salinity, 3helium, 4helium, neon, argon, krypton, xenon, andmass conservation) exceeded the number of
unknowns (Atlantic, polar, and surface waters plus submarine meltwater and subglacial discharge) the linear
mixing model is overconstrained (see supporting information for full details). The noble gas constraints thus
permit quantitative evaluation of glacial meltwater content—resolving the primary deﬁciency of previous
analyses based solely on temperature and salinity.
Our analysis reveals submarine meltwater and subglacial discharge spread throughout the fjord in a single
250-m-thick layer extending well below the sea surface (Figure 3). The observed single layer is in contrast to
someother fjord studies reporting amultilayer spreading ofmeltwater (Beaird et al., 2015; Sciascia et al., 2013;
Straneo et al., 2011) and emphasizes the extent to which meltwater export is not constrained to the surface.
Concentrations of bothmeltwater types are highest at the surfacewhere subglacial discharge concentrations
exceed submarine meltwater concentrations. The submarine meltwater extends deeper than the subglacial
discharge layer. The submarine meltwater and subglacial discharge layer coincides with high concentrations
of Atlantic Water that has been displaced upward relative to its position on the shelf (Figures 3e and 3f). The
upward Atlantic Water displacement reﬂects upwelling induced by entrainment in meltwater-driven convec-
tive plumes and shows that the Atlantic Water, rather than Polar Water, sets the properties of the upper layer
of the fjord in summer.
A cross-fjord tilt in the isopycnals andmeltwater distributions leads to thicker layers of meltwater on the west
side of the fjord—consistent with a rotationally inﬂuenced export of meltwater (Figures 3i and 3j). Little sub-
marine meltwater or subglacial discharge is found on the shelf east of the fjord (Figures 3a and 3c) upstream
with respect to the East Greenland Coastal Current (Harden et al., 2014). The vertically integrated combined
submarine meltwater and subglacial discharge content is about 10 m within the fjord (Figure 1).
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Figure 2. Hydrography and meltwater tracers. Top: Shelf and along-fjord section of temperature (contours) and Helium
saturation anomaly (ΔHe, circles). Bottom: (left) depth proﬁles of ΔHe and (right) ΔHe plotted in potential
temperature-salinity space (shelf temperature-salinity curves in blue and fjord curves in gray).
3. Meltwater Export
Observations of the export and composition of meltwater mixtures in proglacial fjords are crucial to under-
standing the impact of ice loss on the ocean. However, making reliable estimates of the export of Greenland
meltwater with synoptic sections and standard hydrography is diﬃcult. Without quantitative estimates of
subglacial discharge and submarine meltwater concentration, meltwater transports are calculated from heat
and salt budgets that often must neglect important terms such as heat storage and also result in bulk export
estimates rather than a description of the vertical structure of meltwater export (Jackson & Straneo, 2016).
The noble gas analysis used here permits a robust direct estimate of the vertically resolved synoptic meltwa-
ter export that does not rely on assumptions balancing poorly constrained heat and salt ﬂux measurements
with meltwater injection.
Along-fjord geostrophic velocities (supporting information section S6) at midfjord reveal a two-layer
exchange with inﬂow toward the glacier below 250 m and outﬂow toward the shelf above (Figure 3i). Upper
and lower layer speeds are≈5 cm s−1. The fjord is known to exhibit rapidly ﬂuctuating velocities (Jackson et al.,
2014); however, variability is reduced in summer (Jackson & Straneo, 2016). The structure, shear, and magni-
tude of the synoptically measured exchange ﬂow agree with summer average velocities recorded bymoored
Acoustic Doppler Current Proﬁlers (ADCP) at midfjord (SI).
The upper layer ﬂow exports glacially modiﬁed water, while the lower layer imports unmodiﬁed ambi-
ent waters (Figures 3i–3k). Multiplying the meltwater distributions obtained from the noble gas analysis
(Figures 3j and 3k) with the geostrophic velocity section (Figure 3i), we ﬁnd an export of 1, 300 ± 100 m3 s−1
and 800±500m3 s−1 of submarinemeltwater and subglacial discharge respectively (Figure 4 and supporting
information sectionS6). Theseare among theﬁrst robustdirectmeasurementsof synopticmeltwater ﬂux from
a glacial fjord in Greenland. They fall within the range of bulk estimates from budgets constrained bymoored
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Figure 3. Greenland meltwater distribution in the fjord. (a–h) Shelf and along-fjord distributions of submarine
meltwater (SMW), subglacial discharge (SGD), Atlantic Water (AW), and Polar Water (PW) content as a percentage.
(i–l) Cross-fjord section at 65.9∘N (at red “v” in b) of along-fjord geostrophic velocity (m s−1, i) and submarine meltwater,
subglacial discharge, and Atlantic Water percentages. In each panel salinity is contoured in black in 0.5 increments, and
the bold contour is at 34.5. Tick marks on the top of panels a, b, and i indicate station locations.
observations in Sermilik (1, 200 ± 700 m3 s−1 of subglacial discharge and 1, 500 ± 500 m3 s−1 of submarine
melt, Jackson and Straneo, 2016) and with modeled estimates of terminus and iceberg melt (1,025 m3 s−1 of
submarine melt, Moon et al., 2018). Our submarine meltwater transport estimate is a combination of iceberg
and terminus melt. The total export is signiﬁcantly larger than estimates of terminus melt (150m3 s−1; (Moon
et al., 2018)). Thus, these results provide directlymeasuredmeltwater ﬂuxes that support the idea that iceberg
melting is a signiﬁcant contributor to fjord freshwater budgets (Enderlin et al., 2016; Jackson & Straneo, 2016;
Moon et al., 2018).
4. Entrainment, Overturning, and Production of Glacially Modiﬁed Waters
Low concentrations of subglacial discharge (maximum 6%) and submarine meltwater (maximum 3.25%)
found in thefjord (supporting informationFigureS7)demonstrate that ice sheetmeltwaters arehighlydiluted,
emphasizing the dominant role of entrainment in setting the properties of glaciallymodiﬁedwaters exported
from the fjord. The noble gas analysis reveals the source waters entrained: the majority (88%) of the glacially
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Figure 4. Vertical structure of meltwater export. Transport per unit depth of subglacial discharge and submarine
meltwater across the midfjord section in Sermilik. Shading indicates uncertainty following from the error in the water
mass analysis. The export maximum is at 40 m, and 50% of the transport occurs below 65 m. SMW = submarine
meltwater; SGD = subglacial discharge.
modiﬁed water is formed from Atlantic Water upwelled from the deep fjord (Figure 3l). Thus, it is the deepest
water mass in the fjord that contributes most substantially to the properties of the glacially modiﬁed water
that is produced and exported from Sermilik (total export of 74,000 m3 s−1).
In classical estuarine circulation, turbulence from tides andwindsmixes surface buoyancy downward, setting
up a pressure gradient that drives an exchange ﬂow with dense inﬂow at depth and buoyant outﬂow at the
surface (Geyer & MacCready, 2014). An analogous circulation arises from glacial buoyancy forcing; however,
the buoyancy forcing is applied at depth along the ice-ocean boundary, with convective instability playing
the role of tides and wind in driving mixing (Straneo & Cenedese, 2015). The distribution of Atlantic Water
in the fjord, with high concentrations reaching to the surface, is quantitative evidence of a deep overturning
cell comprised of the estuarine exchanged ﬂow closed by the mixing in convective plumes along the
ice-ocean boundaries.
The diﬀerence between classical and glacial estuarine circulation is important to proper representation of
glacial freshwater inmodels: ifmeltwater ismodeled as a surface freshwater source that is subsequentlymixed
down (classical estuarine circulation), the substantial upwelling of deep waters that is a dominant feature of
glacial fjords like Sermilik will not occur, and the properties of the glacially modiﬁed water exported to the
ocean will be too cold and fresh.
5. Summary
The input of 1, 300±100m3 s−1 and 800±500m3 s−1 of submarinemeltwater and subglacial discharge drives
an export of 74,000 m3 s−1 of glacially modiﬁed water, 88% of which is Atlantic Water upwelled from depth.
Thevolume transport of glaciallymodiﬁedwaters is 30 times the initial freshwater ﬂux, highlighting the impor-
tance of entrainment and overturning in glacially modiﬁed water production. In contrast to a surface source
of freshwater, submarine meltwater and subglacial discharge exit Sermilik fjord spread over 250 m (Figure 4)
with a transport-weighted mean salinity of 33.24 and a temperature of 1.06 ∘C. The maximum transport of
submarinemeltwater and subglacial discharge occurs at 40m, and half themeltwater transport occurs below
65 m (Figure 4).
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Glacially modiﬁed water production in Sermilik is large enough to have signiﬁcant regional impacts. The
export of glacially modiﬁed waters from Sermilik amounts to 12% of the transport of similar-density shelf
waters carried in the East Greenland Coastal Current (630 mSv for waters with salinity less than 34.5, Harden
et al., 2014. Thus, given the substantial upwelled Atlantic Water, the glacier-driven overturning in this sin-
gle fjord produces a signiﬁcant redistribution of heat, salt, and other constituents (e.g., nutrients) on the
Greenland shelf. Most glaciers in southeast Greenland are marine-terminating (Moon et al., 2012); there-
fore, the cumulative glacially modiﬁed water production via overturning of the many glacial fjords along the
coast has signiﬁcant potential to impact sea ice melt, ecosystems, and the properties of the East Greenland
Coastal Current.
The noble gasmeasurements presented here oﬀer a comprehensive picture of the spreading and transforma-
tion of submarine meltwater and subglacial discharge. Concentration ﬁelds make synoptic measurements of
the export of glacialmeltwater types possible, highlighting the glacial-driven overturning and upwelling. The
noble gas tracers allow us to identify the primary water mass that is incorporated into the glacially modiﬁed
waters as Atlantic Water. The results highlight the diﬀerence between the observed properties of Greenland’s
meltwater relative to their current representation in large-scale numerical models. As with previous tracer
studies in small (Beaird et al., 2015) and large (Beaird et al., 2017) West Greenland glacial fjords, these obser-
vations highlight the dominant role of entrainment and upwelling in setting the properties of the glacially
modiﬁed waters emanating from Greenland. Unlike the West Greenland sites where shallow sills block deep
Atlantic Waters from the ice edge and intermediate waters are entrained into the glacially modiﬁed water
(Beaird et al., 2015, 2017), Sermilik fjord has no shallow sill and the deepest Atlantic Waters are the main
constituent entrained into the glacially modiﬁed water.
MuchofGreenland’s icemass loss is routed tomarine-terminatingglaciers. Therefore, it is likely that themajor-
ity of Greenland’s anomalous meltwater, both subglacial discharge and submarine melt, enters the regional
ocean having been signiﬁcantly modiﬁed by upwelling—with a larger volume transport and increased
salinity (decreased buoyancy anomaly) as illuminated by the noble gas measurements reported here. Green-
land freshwater forcing therefore needs better representation in numerical models to understand/predict its
inﬂuence on the Atlantic Meridional Overturning Circulation.
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